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Bone grafting is a surgical procedure whereby missing bone material is replaced, 
whether by artificial or natural materials, hence aiding in the healing process and 
allowing proper healing of complex fractures or reconstructive surgeries. Bone 
grafting with donor material from the proximal tibia is an increasingly popular clinical 
option. Despite this, there exists some disagreement in the surgical technique used. 
Tradeoffs between the amount of bone graft harvested and tibial stability need to be 
quantified. 
An experimental investigation was first carried out to study the changes in strain at 
the proximal tibia with differing cortical window sizes through experimental testing on 
cadaveric tibia. This data was used to create a validated Finite Element Analysis 
(FEA) of bone grafting. Larger Cortical windows were on average able to harvest an 
additional 50.8% of bone graft volume. Strain results showed that the maximal 
recorded strains of around 3000 microstrain were well below published yield strains 
of bone, meaning that catastrophic failure was unlikely, but that fatigue failure was 
possible. 
The contralateral side of the cadaveric tibia was tested mechanically to check the 
possibility of the fatigue failure seen in the finite element analysis.  It was found that 
in the absence of bone remodeling, there was a 52% chance of fatigue failure under 
the expected conditions for a normal adult during a 3 week recovery period.  
Physicians are advised to exercise caution when using this technique and to advise 
their patients to regulate their activity levels immediately post-surgery.  
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Chapter 1: Introduction  
1.1 Bone Grafting Background 
Bone is a complex organ of the human body that forms the human skeleton, 
providing rigid support, protecting vital organs, and aiding in the movement and 
articulation of the human body. Bone also plays an important role in the production of 
blood cells. 
Bone is formed of an organic matrix of collagen, osseous tissue, and inorganic 
minerals. There exist two types of bone- the hard, outer layer known as cortical or 
compact bone, and the porous interior tissue known as cancellous or trabecular 
bone. In the instance where bone has been damaged, for example, in a fracture, it 
has a limited ability to heal and regenerate itself through the process of bone 
remodeling. However, for proper healing to occur, this requires a relatively small 
fracture space or a scaffold through which the regeneration may be guided. Complex 
fractures or surgical procedures where significant quantities of bone are removed 
may prove difficult for complete healing of the bone to take place.  
 
Figure 1: Image of a human femur showing compact (or cortical) bone and 




Bone grafting is a surgical procedure whereby missing bone material is replaced, 
whether by artificial or natural materials, hence aiding in the healing process and 
allowing proper healing of complex fractures or reconstructive surgeries. An example 
of such use is in oral and maxillofacial reconstructive surgery, or to aid in the proper 
fixation of arthroscopic implants. Each year, 200,000 bone grafts are performed in 
the United States. (Myeroff & Archdeacon, 2011) 
Bone graft materials may be synthetic, allografts, or autografts. The gold standard of 
bone grafts remain autografts harvested from a patient’s own body, because they 
display the desired properties of osteoconduction, osteoinduction, and osteogenesis 
required for proper healing, as well as having minimal risk of rejection. 
Autologous bone grafts may be harvested from non-essential bones. This generally 
involves removing a small amount of cortical bone, after which the cancellous bone 
can be removed and used as bone graft material. The cortical bone may also be 
used as bone graft material. Suitable sites for autologous bone grafting include the 
iliac crest, ribs, skull, tibia, and fibula. (Zouhary, 2010) 
The Iliac crest is the most commonly used site in autogenous bone grafting 
(Zouhary, 2010), providing a good amount of graft material. However, bone grafting 
from this site does have several disadvantages. Iliac crest bone grafting is an 
invasive procedure, with incidence of minor post-operative complications ranging 
from 7.1-39% and incidence of major post-operative complications being reported as 
high as 10% (Myeroff & Archdeacon, 2011). 
In the past two decades, the proximal tibia has been proposed as an alternative site 
for bone grafting and is gaining in popularity. (Catone et al. 1992; Alt et al. 1999; 
Besly & Booth, 1999 Jakse et al. 2001; Herford et al. 2003 ; Kushner, 2005; Mauffrey 
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et al. 2010). This donor site allows for an adequate amount of bone graft which is 
comparable to that harvested from the iliac crest (Mauffrey et al., 2012). Post-
operative complications are generally rare, with clinicians reporting between 1-20%, 
and also less serious than those of the iliac crest (Myeroff & Archdeacon, 2011) 
1.2 Proximal Tibia Bone Grafting Technique and Safety 
Several surgical methods exist for proximal tibia bone grafting, some of which are 
detailed here.  The first approach described is the medial approach, which offers the 
advantage that the bone is closer to the skin surface in this location, and less critical 
anatomic structures are located in this area (Benninger et al., 2012). For the medial 
approach, once the knee is draped and prepared in the usual sterile fashion, the 
tibial tuberosity is located and a line parallel to the long axis of the tibia is marked on 
the skin surface. This line must intersect the center of the tibial tuberosity. This line is 
known as the vertical axis. A line perpendicular to the vertical axis and intersecting at 
the same point is also marked and is known as the horizontal axis. The entry point of 
the bone graft is then marked, 10mm medial to the vertical axis and 15mm superior 
to the horizontal axis (Figure 2).  This marks the desired center of the osteotomy. An 
oblique incision is made through the skin to access the periosteum, which is 
reflected to gain access to the surface of the cortical bone. Alternatively, the incision 
can be made in the region just inferior to the pes aserinus, as detailed by Jakse and 
colleagues (Jakse et al. 2001) various surgical tools such as trephines or bone drills 
can then be used to create an osteotomy through which the cancellous bone can be 




Figure 2: Image showing the axes marked during the medial technique of 
proximal tibia bone grafting. Taken from (Herford et al .2003 ) 
The size and shape of the cortical window differs between surgeons, with 
recommendations ranging from rectangular to circular osteotomies. (Herford et al. 
2003; Gerressen et al. 2010). The resected cortical bone is either discarded, ground 
up or used as part of the graft, or alternatively it can be replaced at the donor site.  
The classic or more commonly used approach is the lateral approach. In this 
approach, the entry point is at gerdy’s tubercle (Figure 3). The advantage of this is 
that gerdy’s tubercle is a prominent landmark that can be easily located. However, 
several important anatomical structures are close to this region and care must be 
taken not to disrupt them. The lateral approach is also preferred because 
biomechanically, the lateral condyle of the knee bears less load than the medial 
condyle. Similar to what is described above, an incision is made over gerdy’s 
tubercle and the periosteum resected to gain access to the cortical bone. An 
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osteotomy of varying shape and size is once again introduced in order to gain 
access to the cancellous bone.  
 
Figure 3: Series of images showing the position of the access point and the 
removal of a rectangular cortical window. Taken from (O’Keeffe et al., 1991) 
There is little agreement in the exact size and shape of the osteotomy to be 
introduced in both the lateral and medial techniques. Recommendations of the size 
of the cortical window range from around 1 to 3cm2. (Alt et al., 1999) (Mauffrey et al., 
2010) (Herford et al., 2003) (Gerressen et al., 2010) (Kushner, 2005) (Jakse et al., 
2001) (Zouhary, 2010)  Because the amount of bone graft available for harvest is 
largely limited to the size of the osteotomy, a larger osteotomy is sometimes desired. 
However, too large an osteotomy may have detrimental effects to the stability of the 
tibia, as explained below. A circular or oval cortical window is generally preferred, 
because sharp corners of a square or rectangular osteotomy introduce more severe 
stress risers which may lead to undesirable failure (Zouhary, 2010) (Myeroff & 
Archdeacon, 2011) (Kushner, 2005). This is explained more in detail in Section 1.4. 
Some controversy remains in the safety of proximal tibia bone grafting. Clinically, 
proximal tibia bone grafting is well tolerated by the patient as an outpatient 
procedure, and patients usually retain ambulatory function and are able to walk 
without assistance. The most severe complications reported are tibial fractures (Thor 
et al., 2006) (O’Keeffe et al., 1991) (Galano & Greisberg, 2009) (Kim et al., 2013), 
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which though rare, are a possible concern. Biomechanically, in vitro cadaveric work 
done by various researchers (Alt et al., 2003) (Vittayakittipong et al., 2012) have 
found that proximal tibia bone grafting does not significantly affect the mechanical 
strength of the tibia. However, some other groups have converse findings (Bottlang, 
2008) (Gerressen et al., 2010). These studies have used studied different surgical 
techniques, differing in the direction of approach, size and shape of the cortical 
window. 
1.3 Stress and Strain: A Primer 
In order to fully appreciate the findings of this study, some engineering theory must 
be explained. Stress and strain are important principles in mechanical engineering 
theory used to study the effect of various forces on a body. They are also important 
tools in failure prediction and analysis. 
Stress is a vector quantity that describes the internal forces that neighboring 
particles of a material exert on each other. It can be more commonly understood as 
‘force acting on a unit area’.  
Because force can act in various directions, stress also acts in various directions. 
These can be decomposed into three main stresses: Tensile stress, which acts to 
pull a material apart, compressive stress, which acts to push a material together, and 





Figure 4: Various types of stresses. Image taken from 
http://www.tpub.com/doematerialsci/materialscience15.htm 
When forces act on a particular body in static equilibrium, by Newton’s third law, 
these forces are balanced by the internal forces in the body, giving rise to stress.  
Strain, then, refers to the deformation of a body brought about by the stress. Strain is 
a unit less property which is defined in Figure 5. 
 
Figure 5: Tensile strain on a material. Taken from https://www.nde-
ed.org/EducationResources/CommunityCollege/Materials/Mechanical/StressSt
rain.htm 
Because most rigid materials only deform small amounts even under large forces, 
measured strain is usually very small- typical measurements are in microstrain (10-6). 
Negative strain refers to strain resulting from a compressive force, while positive 
strain is a result of tensile of shear stress.  
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Stress and strain are related by the relationship defined below: 
     
Where is stress, є is strain, and E refers to a material property known as the 
modulus of elasticity. For most common materials, such as metals, E is the same in 
all directions. These are known as isotropic materials. Materials where E differs in 
different directions are known as anisotropic materials.  
Materials cannot contain an infinite amount of stress, nor can materials undergo 
infinite strain before permanent deformation occurs (known as plastic deformation). 
The stress and strain where permanent deformation first occurs is known as yield 
stress and yield strain respectively. The material then deforms continually until 
fracture or failure occurs. Ductile materials can sustain large amounts of plastic 
deformation, while brittle materials cannot sustain large amounts of plastic 
deformation (Figure 6). 
 
Figure 6: Stress-strain curves for ductile and brittle materials. Ductile materials 
can sustain additional deformation post yield, while brittle materials cannot. 
Taken from (Gautier, 1999) 
Bone is, by nature, an anisotropic brittle material that is stronger in compression than 
in tension and shear. Stress and strain are useful parameters when studying the 
fracture mechanics of bone. In particular, because the hard cortical shell contributes 
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largely to the mechanical strength of long bones such as the tibia, cortical bone 
strains and stresses can tell us if failure or fracture of the bone is a concern.  
1.4 Strain Gauges and Rosettes  
Strain can be measured by several means. Among the simplest and most commonly 
used is by means of a strain gauge. A strain gauge is a small electrical resistor which 
has the unique property of changing its resistance with length, which can hence be 
used to measure strain by the relationship described below: 
                   
 Where K is the gauge factor (the ratio of the change in electrical resistance to 
change in length) and R is electrical resistance (Figure 7). Strain gauges are 
permanently affixed to the surface to be measured and are then connected to a data 
logger which aids in the measurement of strain. The changes in resistance are 
typically very small, and great care must be taken to shield the strain gauges from 
resistance leakage and fluctuation that may result in inaccurate readings. 
Usually, due to complex geometries of the part being measured, or complex loading 
patterns, it is useful to measure strain from several different directions. This may be 
done through the means of a strain rosette, which is a combination of two or more 
strain gauges (Figure 7). The principal strains at that point may then be calculated 
through the knowledge of strains in multiple directions.  
Because strain gauges are small and sensitive equipment, great care must be taken 
in their installation and treatment to ensure accurate readings. The application of 
strain gauges to bone has some special considerations, and is detailed in later in 




Figure 7: From left; close up view of a strain gauge, and on the right a Strain 
rosette. Taken from (Gautier, 1999) and F-Series strain rosette product catalog, 
Tokyo Sokki Kenkyujo Co. Ltd, Japan. 
A strain rosette gives strain readings in 3 directions, from which various principal 
strain values can be calculated according to the following formulas: 
Maximum Principal Strain: 
     
 
 
       √                      
Minimum Principal Strain: 
     
 
 
       √                      
Where      and      are the maximum and minimum principal strains 
respectively,  ,   and    are the strains from gauge 1, 2 and 3 directions respectively 
(see Figure 7).  
Maximum and minimum principal stresses for isotropic materials can then be found 
based on the following: 
Maximum Principal Stress   
 
    
             
Minimum Principal Stress   
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Where v is the poisson’s ratio of the material. This calculation is not necessarily 
accurate for non-isotropic materials such as bone.  
Other values such as maximum shearing strain and the angle to the direction of the 
maximum principal strain can be found as well, but are not within the interests of this 
study. 
1.5 Geometry and Stress Concentration  
As explained earlier, stress can be defined as force per unit area, and hence, stress 
increases with a decrease in the cross sectional area upon which the force acts. 
Because of this, stress on a body due to external forces is highly dependent on the 
geometry of the object. Geometrical features such as sharp corners, where the area 
reduces sharply, can lead to areas where stress rises sharply. These features are 
known, in engineering parlance, as ‘stress risers’ (Figure 8)  
 
Figure 8: Finite element analysis simulations of flat plates with stress risers 
under uniaxial tension. Different geometric features alter the stress on the 
plate as stress ‘flows’ around the hole. Blue represents areas of lowest stress, 





Different geometries have different stress riser effects, and it is commonly accepted 
that shapes with sharp corners cause larger increases in stress than more gentle 
curves (such as in a circular shape.) This is because sharp corners cause stress 
lines to be concentrated into a small area. Stress concentration is an important 
consideration in engineering design, because areas of large stress are usually 
possible candidates for crack formation and subsequent failure (Figure 9). 
 
Figure 9: A close-up view of a failed input shaft. The white arrow indicates the 
initial fracture initiation site where a crack was formed. The smooth region 
shows the propagation of the crack through repeated loading cycles and the 
rougher, less uniform section shows where final failure occurred as the crack 
reached a critical size. Image taken from http://met-tech.com/fractured-input-
shaft.html 
In biomechanics, stress concentrations are a concern for a number of reasons. In the 
orthopedic field, stress concentrations from implants or surgical alterations of bone 
have important effects on bone remodeling and fracture analysis (figure 10). The 
exact mechanics of bone fracture are complex and not well understood, as bone 
differs significantly from traditional engineering materials. However, it has been 
accepted that crack formation, propagation and subsequent failure are possible 
mechanisms for bone fracture to occur. Bone exhibits low fracture toughness and is 




Figure 10: Metacarpal fracture resulting from the stress concentration 
resulting from the distal screw hole of a fusion plate. Taken from 
http://www.eatonhand.com/complic/figures/stressr.htm 
Stress concentrations are relevant to this study because the osteotomy at the 
proximal tibia introduced during bone grafting affects the mechanics of the donor 
site. It was hypothesized that the stress concentrations caused by the cortical 
window can cause catastrophic failure, or alternatively be a possible site for crack 
formation and propagation.  
1.6 Study Aims and Objectives 
The lack of agreement between the studies mentioned above in Section 1.2 
suggests that the effect of proximal tibia bone grafting on tibial mechanics is poorly 
understood. Both Alt and Vittayakittipong found that the mean maximal compressive 
strength of the tibia was not affected by bone grafting. However Gerressen and 
Bottlang disagreed, and found that there was a significant reduction in compressive 
strength as well as significant deflection at the tibial plateau after bone grafting. All 
these studies used different surgical techniques with different osteotomy size. This 
suggests that the stability of the grafted tibia is dependent upon the surgical 
technique used and the size of the osteotomy. The safety of proximal tibia bone 
grafting needs to be further defined, and the optimal technique to harvest the 
maximum amount of bone graft while minimizing loss of stability should be 
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investigated. Due to the large variety of techniques available, this study will focus on 
studying the more commonly used lateral approach described by Alt (Alt et al., 
1999). The most important aim of this study is to study the stability of the harvested 
tibia in relation to the size of the osteotomy introduced; a larger cortical window can 
allow easier access to cancellous bone for harvesting but may also compromise the 
stability of the tibia. The maximal or optimum size of this cortical window has not 
been determined. It is hypothesized that a large osteotomy will cause catastrophic 
failure of the tibia under normal weight bearing loads. 
This study aimed to use in vitro cadaveric experiments as well as finite element 
methods to gain a more complete understanding of the effect of bone grafting on 
tibia mechanics under normal walking loads. The effect of the size of the cortical 
window on stresses and strains at the donor site were studied, as well as any 




Chapter 2: Experimental Cadaveric Study 
2.1 Experimental Study of Mechanical Strength of Pre and Post Harvested 
Tibias 
As noted in Section 1.2, several groups have done work on assessing the 
mechanical strength of the tibia after bone grafting. All these groups used different 
surgical methods. Alt and colleagues (Alt et al., 2003) used the more widely 
accepted lateral approach with a circular osteotomy of 1cm diameter. Vittayakittipong 
and colleagues (Vittayakittipong et al., 2012) used the medial approach with a 
circular osteotomy, and Gerresen et al (Gerressen et al., 2010) used the medial 
approach described by Jakse, et al (Jakse et al., 2001), with a rectangular 
osteotomy. The findings of these three groups have differed. Alt and Vittayakittipong 
found no significant reduction of mechanical strength after bone grafting, while 
Gerresen did find that bone grafting made the mechanical strength of the harvested 
tibias significantly weaker as compared to the intact tibia. The difference in findings 
suggests the exact approach and size of the cortical window significantly has a 
significant effect on tibial mechanics. 
Bottlang (Bottlang, 2008) also did a similar study, and found that larger sizes of a 
circular osteotomy caused greater deflections at the tibial plateau, indicating greater 
instability. Part of the aims of this study was to observe how strain at important 
anatomical locations changes with cortical window size, as well as observing the 
tibia for signs of failure.  As a secondary objective, the difference in the amount of 
bone graft that could be harvested from a smaller cortical widow size of 10mm 
versus a larger size of 25mm was to be measured. 
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The first phase of this study was to perform a test on the mechanical strength of the 
intact and harvested tibia. In this phase, the intact and harvested tibia were 
subjected to physiological load conditions at the knee during normal walking and 
assessed for failure. The amounts of bone graft material harvested, as well as the 
stability of the tibia with increasing window size, were studied. 
2.1.1 Specimen Preparation 
12 fresh cadaveric tibia pairs (6 Caucasian males, 4 Caucasian females, 1 African 
American male, and 1 Asian male) were obtained from various sources (Anatomy 
Gifts Registry, Hanover, USA, Medcure Inc., Portland, USA, Science Care, Phoenix, 
USA, and National University Hospital, Singapore) with a mean age of 61 years old 
and age range of 36-87. The inclusion criteria for the selected tibias were that the 
donor had not suffered from bone disease or lower limb deformities. Institutional 
Review Board approval was not needed as no live patients were used in this study in 
accordance with NUS-IRB-021. Dual Energy X-Ray Absorption (DEXA) scans done 
at the National University Hospital, Singapore, were used to assess the bone quality 
of each tibia. These scans were evaluated according to the reference BMD values at 
the tibia as established by Popp and colleagues (Popp et al., 2009). The proximal 20 
cm of each tibia was dissected, the periosteum resected, the bone surface cleaned 
with ethanol and acetone, and the menisci kept intact. A set of reference axes was 
marked in indelible ink on the cortical bone surface of the tibia, using selected 
anatomical landmarks: the center of each condyle, the talar surface, and the tibial 
tuberosity. (Figure 11) This is similar to methods described by Ruff and Hayes (Ruff 
& Hayes, 1983). The anterior-posterior and medial-lateral dimensions of the tibial 
plateau were measured with a set of vernier calipers. One tibia was then randomly 




Figure 11: Cadaver dissection and dissected tibia with the marked reference 
axes 
5 tri-axial stacked strain rosettes and 2 uniaxial strain gauges (models FRA-5-11-3L 
and FLA-5-11-1L, Tokyo Sokko Kenkyujo Co.Ltd, Tokyo, Japan) were mounted at 7 
locations with cyanoacrylate cement on the tibia as indicated in Figure 12. Strain 
gauges were mounted in accordance with previously described techniques (Cordey 
& Gautier, 1999) and are presented in the following steps: 
1) The bone surface was prepared by removing all unnecessary soft tissue. .  
2) The periosteum was resected away from the bone surface by means of an 
incision from a sharp surgical scalpel and forceps. 
3) The bone surface was cleaned with acetone or alcohol to remove grease and 
oils. The area for the strain gauge application was marked clearly in indelible 
ink or 2B pencil. 
4) The bone surface was roughened using silicon carbide paper. If large 
irregularities were observed on the bone, a burr is used to smoothen the 
surface to ensure a good surface for strain measurement. 
5) Once the bone surface was deemed satisfactory, a final cleaning is performed 
again with acetone or alcohol. Any markings that were removed from surface 
preparation were re-applied. 
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6) The area where the gauge was to be applied was masked off with clear tape. 
7) The strain gauge was removed from its plastic protective covering, taking care 
not to touch the side that is to be applied to the bone surface (backing 
surface) 
8) The face of the strain gauge with the resistive sensor (sensor surface) was 
stuck to a piece of clear tape, leaving about 2cm of the sticky side of the tape 
clear. 
9) The clear tape was used to align the guiding markings on the gauge with the 
markings on the bone surface. The tape was applied, being careful not to let 
the backing surface touch the bone surface. 
10) Once in position, the tape was folded over and a drop of cyanoacrylate 
cement was applied to the backing surface. The backing surface was then 
folded back over and thumb pressure used to apply the backing surface with 
cement to the bone.  
11) Once the cement had hardened after 5-10 minutes, the clear tape was 
removed from the gauge at a very acute angle to avoid damage to the gauge.  
12) The waterproof coating as supplied from the manufacturer was applied with a 
soft brush and allowed to dry overnight. During this time the tibia and strain 
gauges must be carefully wrapped and refrigerated to stop degradation and 
decay of the tissue. 
 The locations where strain gauges or rosettes were applied were chosen to observe 
strain changes at various anatomical locations, namely near the osteotomy site and 
the tibial plateau, as well as areas where high loads were expected, such as the 
posterior portion of the tibia, just under the tibia head (see location 2P)  Each Tibia 
was then affixed to a stainless steel pot with dental cement (Meliodent, Heraeus 
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Kulzer, Germany) and load tested in an electrohydraulic materials testing system 
(MTS 858 Bionix, MTS systems, USA). The reference axes were used to ensure that 
each tibia was affixed horizontally within the pot. Some exceptions are made and 
these are addressed in Section 3.2.1. 
 
Figure 12: Strain rosette and gauge assignment locations with reference to the 
axes described by Ruff and Hayes (Ruff & Hayes, 1983). Levels 1, 2 and 3 
indicate horizontal axes 10mm, 25, and 100mm from the Tibial plateau 
respectively. Strain rosettes are placed at locations 1AL, 1L, 2L, 2P, and 1M. 
Uniaxial strain gauges are placed at locations 3L and 3M, oriented parallel to 
the vertical axis. Strain rosette 1AL is displaced 15mm laterally from the 
anterior vertical axis. The approximate location of the cortical window is 
marked by CW. 
2.1.2 Mechanical Strength Testing 
A custom designed fixture was used to simulate physiological loading at the tibia. 
The fixture design was tested on a 4th generation composite sawbone (Sawbones 
USA, Pacific Research Laboratories, Washington, USA) The parts involved include a 
femoral knee arthroplasty component (Gender Solutions Natural Knee Flex System, 
Zimmer, Warsaw, USA) attached to a machined aluminum block. The machined 
aluminum block was rigidly attached to a rod-end bearing allowing 3 degrees of 
limited rotational freedom to allow for anatomical differences. This bearing was offset 
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from the central axis in order to simulate a 60-40% medial-lateral loading condition 
(Kumar et al., 2013) that is experienced by the natural knee (Figure 13).  
 
Figure 13: The custom loading fixture during the design and testing phase with 
a sawbone. Note the offset position of the bearing and solid fixtures for 
rotational control. 
Several sizes of this fixture were available for use depending on the size of the 
individual tibia specimen. The selected size of the fixture used was closely matched 
to the size of cadaveric femur.  If the cadaveric femur was not available, the closest 
matching size to the medial-lateral dimensions of the tibia was used. 
With the potted tibia in place, the femoral component was aligned to the meniscus of 
the Tibia to ensure an accurate loading area, and the meniscus was then removed. 
A contact pressure sensor (Model K-Scan 4000CR, Tekscan Inc., Boston, USA) was 
used to monitor the load distribution across the tibial plateau to verify that the load 
distribution was correct (Figure 14). To avoid damage to the pressure sensor, once 





Figure 14: Tibia specimen loaded in custom fixture with strain rosettes 
attached. The green object is the Tekscan 4000CR sensor used to ensure a 
physiologically accurate loading condition. 
A maximum load of 3 times body weight was applied in the axial direction. Various 
researchers have recorded knee joint forces of between 2-4 times body weight at the 
knee joint during level walking (Shelburne et al., 2006; Kumar et al., 2013; Kutzner et 
al., 2010). The load started from a preload of 25 newtons and was increased at ramp 
amplitude until a maximum of 3 times body weight was reached. This maximum 
force was held for a period of 10 seconds, and the specimen is then unloaded. 
Throughout this loading, strain values were recorded throughout the load cycle at a 
rate of 1 Hz by a data logger (TMS-530, Tokyo Sokko Kenkyujo Co.Ltd, Tokyo, 
Japan), while load-displacement readings were recorded by the MTS Bionix system 
at 2Hz. The experiment was halted if any failure was observed, and failure of the 
specimen was defined by a sudden, marked decrease in the force-displacement 
curve or any visible fracture of the specimen. Each test was conducted three times 
with an interval of five minutes allowed for strain relaxation at room temperature (25 
degrees Celsius). The specimen was hydrated regularly with saline solution 
throughout the experiment. 
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2.1.3 Bone Grafting and Subsequent Mechanical Testing 
After the intact tibia had been tested using the experimental procedure above, a 
10mm circular cortical window was created using a bone graft harvesting trephine 
(Bone Graft Harvesting Set, DepuySynthes, Zuchwil, Switzerland) over the proximal 
lateral tibia 1.5cm posterior to the tibial tuberosity and 2.5cm below the tibial plateau 
(Figure 15). The cortical bone removed from the window was added to the amount 
harvested, while the cancellous bone was harvested by means of bone curettes until 
they could no longer pass through the cortical window. Cancellous bone 2cm below 
the tibial plateau was not harvested to conserve the stability of the tibial plateau. This 
is in accordance with techniques described by Alt, Kushner, and Myeroff. (Kushner, 
2005; Alt et al., 2003; Myeroff & Archdeacon, 2011) 
 
 
Figure 15: The bone graft harvesting set and harvested tibia with strain gauges 
attached. The location of the strain rosettes are marked with black arrows and 
the cortical window marked with a blue arrow 
The amount of both cortical and cancellous bone harvested was collected and 
recorded in a graduated cylinder with 10ml of distilled water, and the additional 
displaced volume was recorded as uncompressed volume of harvested bone graft. 
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The water was then drained and the uncompressed volume of harvested bone was 
then placed into a 10ml syringe and compressed with maximal thumb force in order 
to remove blood, fat, and other unwanted fluid. This volume measured was recorded 
as compressed volume of bone harvested (Figure1 6). Care was taken not to 
damage the strain rosettes and associated wiring during bone graft harvesting. 
 
 
Figure 16: Uncompressed (left) and compressed (right) volumes of bone graft 
material. The uncompressed volume shows 18.4ml of bone graft volume 
including water, blood and fat. When compressed, the pure cancellous bone 
volume is 7.6ml. 
After harvesting, the specimen was load tested again in a manner similar to that as 
described above in Section 2.1.2. The diameter of the cortical window was widened 
in increments of 2.5mm up to a maximum of 25 mm with a surgical burr (Colibri II, 
DepuySynthes, Zuchwil, Switzerland) , with the most proximal edge of the window 
kept at 20mm from the tibial plateau. The diameters of each hole were measured 
with a set of digital vernier calipers with the tolerance of the hole set to 0.5mm. Load 
testing as described above was repeated after each increment of the cortical hole 
window (Figure 17). Once the specimen had been load tested with a 25mm diameter 
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cortical bone window, bone curettes were again used to harvest the specimen for 
bone graft and the volumes harvested were recorded as described above in Section 
2.1.2. Load testing as described above in Section 2.1.2 was then applied once more 
to the specimen.  
 
Figure 17: Tibia with an enlarged cortical window undergoing load testing 
2.2 Results 
2.2.1 Results of Experimental Study – Bone Graft Volumes 
Of the 12 pairs of tibias procured for the study, one pair was found to be severely 
osteoporotic (T-score of -5.5) and rejected from the study. For the remaining 11 
Tibias, the average Bone Mineral Density (BMD) at the Tibial Epiphysis was 
0.693g/cm2 with a standard deviation of 0.103g/cm2. This corresponds to an average 
T-score of -0.74 (Table 1). 
The mean uncompressed volume of bone graft harvested with a 10mm cortical 
window was 15.8ml, ranging from 12-25ml. The mean compressed volume was 
7.15ml, with a range of 3-10.4ml. The average ratio of the compressed volume of 
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bone graft harvested to the area of the tibial plateau was 0.23 ml/cm2, range 0.112-
0.297ml/cm2 (Table 1). 
For a cortical window size of 25mm, the average uncompressed volume was 7.9ml 
(range 2-19.1ml); the average compressed volume was 3.64 ml (range 1.7-7.6ml). 
The average total compressed volume was 10.79 ml (range 5.6-15.2ml)  and the 
average ratio of compressed volume to tibial plateau area was 0.34 ml/cm2 ranging 
from 0.209 to 0.481 ml/cm2 (Table 1). Student’s t-test for equal variances was 
conducted for these datasets which showed that the average amount of compressed 
bone graft harvested from a 25mm cortical window was significantly more than that 
harvested at 10mm (p=0.004). 
The mean maximum load that each tibia was subjected to was 2320N (range 1650-
3120N). None of the 11 tibias tested experienced visible failure during loading. 
Maximum and minimum principal strains were calculated from the strain rosette 
values using formulas provided by the manufacturer and detailed in Section 1.4.  
Principal strain values were analyzed to observe any changes in the loading 
response of the tibia after bone harvesting.  
A repeated measures ANOVA with the Greenhouse-Geisser correction was 
conducted using SPSS statistics software (IBM systems, USA) to analyze the 
significance of the change in strain values across cortical window sizes. Statistically 
significant changes were found in minimum principal strain values at 1AL and the 
maximum principal strain values at M1 with increasing cortical window size 
(F(2.428,24.378)= 7.042, p = 0.002 and F(2.233,22.328)= 6.680 , p=0.004 
respectively See appendix A for an explanation of the F statistic. See Figure 18). 
Post-hoc tests using the Bonferroni correction showed that at location 1AL the 
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minimum principal strain values dropped significantly from the intact condition to the 
harvested condition at 10mm cortical hole window size. (-328.85SD=232.21to -
964.78SD=535.80. For location 1M, the maximum principal strain values 
increased significantly from 10mm window size to a 22.5mm window size 
(361.64SD=229.90to -486.08SD=270.40) 
Changes in maximum principal strain values at 1L and 2P and minimum principal 
strain values at 1M were marginally significant (F(1.616,16.160)=3.234, p= 0.074,  
F(1.286,12.864)=3.447, p=0.079 and F(1.998,19.979)=3.369, p=0.055 respectively. 
See Figure 18). Changes in maximum principal strain at 1AL and 2L, as well as 
minimum principal strain values at 1L, 2P, 2L, were not found to be statistically 
significant and are not reported. 
Uniaxial strain values at 3M increased slightly then decreased as the cortical bone 
window size was increased while uniaxial strain values at 3L increased (figure 19). 
These changes were not, however, statistically significant (F (1.995, 19.95) =2.575, p 
=0.101 and F (2.102, 21.021) =2.070, p= 0.149 respectively.) 
It was concluded that there are definite changes in strains in the tibia cortical bone at 
the measured locations pre and post harvesting. However, most of these changes 
were not statistically significant. The significant decrease in minimum principal strain 
at the 1M location, in conjunction with the observations of the unilateral strain results 
suggest that some of the compressive load was transferred from the lateral 
compartment to the medial compartment of the knee. It was suspected that the 
unequal loads on the medial and tibial compartments, coupled with the osteotomy on 
the lateral side introduce bending moments onto the tibia. However this cannot be 
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Table 1: Specimen Data and Bone Graft Volumes 
 
  











Uncompressed volume of 
Bone Graft harvested at 
10mm cortical window (ml)
Compressed volume of Bone 
Graft harvested at 10mm 
cortical window (ml)
Compressed volume to 
size of T ibial Plateau at 




Uncompressed volume of 
Bone Graft harvested at 
25mm cortical window (ml)
Compressed volume of Bone 
Graft harvested at 25mm 
cortical window (ml)
Total compressed 
volume of Bone Graft 
harvested (ml)
Total compressed 
volume to size of 




M 77 0.812 0.52 37.63 25 10.4 0.28 9.2 4.2 14.6 0.39
F 69 0.521 -2.57 26.81 8.5 3 0.11 5.2 2.6 5.6 0.21
M 59 0.618 -1.54 33.09 12 7.4 0.22 10.3 5.8 13.2 0.40
F 48 0.581 -1.94 30.28 11 5.4 0.18 5 1.7 7.1 0.23
M 61 0.776 0.14 33.97 17.9 10.1 0.30 2 1.8 11.9 0.35
M 49 0.727 -0.38 28.64 16.4 6.6 0.23 6.8 2.2 8.8 0.31
F 59 0.593 -1.81 23.97 17.9 6 0.25 8.9 2.9 8.9 0.37
M 54 0.729 -0.36 32.45 16.7 7.2 0.22 5.3 2.2 9.4 0.29
M 36 0.795 0.34 35.28 18.4 7.6 0.22 19.1 7.6 15.2 0.43
M 75 0.792 0.31 34.09 12.9 7 0.21 4.4 3.2 10.2 0.30











































































Figure 19: Uniaxial strain changes with hole size. A cortical window size of 26 mm 
indicates a 25mm hole with a second harvest done. 
2.3 Discussion 
Based on work from previous researchers, the proximal tibia has been fairly accepted 
as a good source of bone graft with good clinical outcomes (Myeroff & Archdeacon, 
2011; Zouhary, 2010; O’Keeffe et al., 1991; Alt et al., 1999). The amount of bone graft 
harvested is largely dependent upon the exact surgical technique and cortical window 
size. Various groups have reported a range of 5-11.3ml (Englested & Morse, 2010; Thor 
et al., 2006; Mauffrey et al., 2012) of compressed volume bone grafts that can be 
harvested from the proximal tibia based on differing surgical techniques. Other studies 
have shown that the volumes of bone graft harvested from the proximal tibia to be 
comparable to that of other sites, such as the iliac crest (Mauffrey et al., 2012; Zouhary, 
2010; Myeroff & Archdeacon, 2011; Englested & Morse, 2010) 
The mean compressed volumes of bone graft harvested at a 10mm diameter cortical 
































Alt and Vittayakittipong. (5.39 and 6.62ml respectively)  (Alt et al., 2003; Vittayakittipong 
et al., 2012) , but are very similar to those obtained by Mauffrey (Mauffrey et al., 2012) 
who obtained 7.3 ml. The volumes are somewhat less than those found by Englested 
(11.3ml) (Englested & Morse, 2010). All techniques used a similar sized cortical 
window, with alt and Vittayakittipong using circular windows of diameter, while 
Englested and Mauffrey used square windows of between 0.6cm2 to 1cm2. The results 
can thus be considered in line with the work of previous researchers. 
 After widening the osteotomy to a 25mm diameter, an additional 50.8% of compressed 
bone graft volume (3.64ml) was successfully harvested for a mean total of 10.79 ml of 
compressed bone graft successfully harvested from the donor site. There was a positive 
correlation between cortical window size and amount of bone graft that can be 
harvested, confirming that more bone graft can be harvested with a larger cortical 
window. These results compare favorably with the amounts of bone graft that is usually 
harvested from the iliac crest, which range from 6.2 to 10.1 ml (Zouhary, 2010; Myeroff 
& Archdeacon, 2011; Englested & Morse, 2010; Mauffrey et al., 2012). This shows that 
by widening the cortical window to a larger size, a comparable amount of bone graft 
may be harvested from the proximal tibia as compared to the iliac crest. Given that the 
clinical results of the proximal tibia approach have produced better results than the iliac 
crest, it may be better to use a proximal tibia as a harvest site depending on the 
biomechanical risks which are discussed below. 
The load test conditions used in the experiment were different from those used by Alt, 
Vittayakittipong, and Gerressen (Alt et al., 2003; Vittayakittipong et al., 2012; Gerressen 
et al., 2010), who conducted similar studies on proximal tibia bone grafting. All the 
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previous researchers did not take into account the asymmetrical loading at the knee 
condyles when conducting loading experiments, and instead used silicone sheets to 
equalize the load centrally. This was somewhat acceptable because these studies were 
mainly concerned with comparing fracture strength between a harvested and intact tibia. 
However, in this study, the stress states of the proximal tibia and other detailed 
biomechanical parameters of the harvested tibia as simulated in vivo were desired 
outcomes of the study and hence these test conditions were not applicable. The test 
described herein was chosen in order to replicate the loads that a human tibia would 
experience under normal conditions during normal walking in order to closely resemble 
in-vitro conditions. Under these load conditions, it was noted that none of the tibias 
failed, although there were obvious changes in strains at various locations in the tibia. 
These correlate well with the findings of Bottlang, (Bottlang, 2008) who found that bone 
graft harvesting from the proximal tibia caused increases in tibial plateau deflection. 
However, while changes in strain between the intact and harvested condition were on 
the whole significant, strain changes between hole sizes were not deemed to be 
statistically significant. The full implications of these strain changes are at this point, not 
known until the full strain field of the proximal tibia can be observed. Even when 
statistically significant strain changes were observed, these did not approach strain 
values which were unusually large for the human tibia (Burr et al., 1996). 
It was observed that there were large standard deviations across the recorded strain 
values between tibias. This was hardly surprising, as various anatomical differences 
and bone densities will affect the bone strength, which in turn affect the measured 
strains. When comparing our measured strains to published results, the magnitudes of 
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principal bone strains are similar to those measured in vitro by Burr and colleagues 
(Burr et al., 1996), who measured in vitro bone strains at the tibia during various 
activities from level walking, loaded walking, walking uphill, and others. Burr at al. 
attached strain rosettes on the medial tibial midshaft, and measured principal 
compressive strains and tensile strains to be -544 and 437 microstrains respectively. 
These results are along the same magnitude of strains that this study’s experiments 
recorded. 
It was noted that the maximum principal strains observed in the experiment (3063) 
were well below studied axial tensile yield strains of cortical bone. (Evans, 1976) (Carter 
& Spengler, 1978) (Bayraktar et al., 2004), which are believed to be in the region of 
5000-7000 microstrain. Currently, it is unknown whether the areas of maximum principal 
strain are at crucial areas; this will be studied in chapter 3 as part of the finite Element 
study. The maximum stress criterion (Rankine criterion) for tension and the parallel 
criterion for strain (Saint Venant Theory) were used to determine the likelihood of failure 
as bone is weaker in tension than compression (Evans, 1976; Carter & Spengler, 1978) 
and hence it is more relevant to study tensile forces. This failure criterion has shown 
acceptable results in predicting bone fracture by other researchers. (Doblare et al., 
2003). Yield strength was considered rather than ultimate strength to present a 
conservative test. These results, along with the fact that none of the tibias failed under 
the loading conditions indicate that the tibia is able to sustain normal walking loads even 
after large osteotomies have been introduced for bone grafting. Catastrophic failure of 
the tibia in such an instance was not observed and is deemed to be unlikely. It was 
noted, however, that the strains encountered were within the range of strain values 
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reported by Taylor (Taylor, 1998) where micro-damage occurs in bone; it may be 
possible that in the absence of bone remodeling or in the case where large voids 
already exist. Hence, fatigue failure may be a concern. 
Clinically, as advised by the collaborating surgeons, it may not be feasible to introduce 
such a large osteotomy to the region due to the proximity of important anatomical 
structures to the surgical site. Hence, it is up to the surgeon to determine how much 
cancellous bone graft is needed and the subsequent appropriate cortical window size. A 
circular cortical window size of 20mm diameter was reported by a surgeon at the 
National University Hospital as the largest size that would be practical in surgery. The 
bone quality of the patient should also be taken into account when making this decision. 
The cadavers selected for this experiment showed overall satisfactory bone quality and 
it was believed that the results can hence be applied to healthy adult populations. 
However, caution should be taken in older or osteoporotic individuals where bone 
quality is poor. Because we only tested the specimens to 3 times of body weight, we are 
unable to make conclusions about more vigorous activities such as running, jumping, or 
playing contact sports. Patients are usually advised to refrain from such activities during 
the healing period. Based on their results of similar biomechanical testing, Gerressen 
and colleagues (Gerressen et al., 2010) advised only partial weight bearing of one half 
of body weight on the operated limb in the week immediately post-surgery. Their study, 
however, did not control for bone quality of the specimens. The current results suggest 
that normal level walking is safe for patients immediately post operation. 
In the current experiment, in-vitro conditions could not be replicated perfectly. Some 
limitations of this part of the study are that soft tissue effects were not taken into 
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account. This was due to the difficulty in recording accurate strain readings with the 
viscoelastic properties of soft tissues such as the meniscus. The effects of the fibula on 
the stability of the harvested tibia are also currently unknown. Studies done on the 
mechanical function of the fibula show that it is likely to have a weight bearing function 
(Weinert et al., 1973; Lambert, 1971; Takebe et al., 1984). Although no fibula was 
present during this experiment, no failures occurred, it is also known that the meniscus 
acts as an important shock absorber at the knee, and hence the forces transmitted in 
this experiment may be slightly higher than expected from in vivo bone strain in normal 
walking. Because of the lack of a meniscus and fibula in the tests, our experimental 
results can be considered to be conservative. True in-vitro conditions with the meniscus 
and fibula present would likely see lower overall loads and strains on the tibia itself. 
Another limitation is that different modes of loading, such as bending and torsion of the 
tibia after bone grafting, which can occur during vigorous activity such as sports or 
shock loading, were also not studied. However, as advised above, patients are advised 
to refrain from activities where such loading is likely during the recovery period.  
In this chapter, it has been established that the proximal tibia is a suitable site for bone 
graft harvesting based on a good quantity of bone graft available. Amounts of bone graft 
exceeding what is usually harvested from the current gold standard harvest site, the 
iliac crest; can be harvested if the cortical window is widened to a larger size. It has also 
been established that widening the cortical window up to sizes as large as 4.9cm2 in 
individuals with normal bone is unlikely to lead to catastrophic failure during normal 
walking. Despite this, more information must be gathered before large osteotomies in 
the proximal tibia can be deemed safe.  While strain values at various sites of the tibia 
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have been recorded, the full strain field of the tibia is not yet known, and hence there 
may be areas of the tibia where stress and strain are high, but are not recorded in this 
part of the study. These concerns are addressed in chapter 3 via a finite element model 
of harvested knee in bone grafting. There are also legitimate concerns about the 
possibility of fatigue or stress fractures occurring due to the stress risers caused by the 
bone grafting osteotomy, and would be studied in chapter 4. 
Chapter 3.0 Finite Element Study 
In Chapter 2, it was established that large circular osteotomies in the proximal tibia did 
not cause catastrophic failure or fracture of the tibia under normal walking loads. 
However, despite these results, there still existed a limited understanding of the exact 
mechanics of the loading of the grafted tibia. While strains were studied in the earlier 
chapter, these were localized strains and only at specific points on the tibia. The full 
stress and strain fields of the grafted tibia would further examination if there were any 
points of concern where fracture of the bone is a possibility. This nature of study would 
not be feasible or practical to study via experimental cadaveric methods as it would 
greatly increase the resources needed.  
The aim of the finite element study was to create a computational model to investigate 
the mechanics of proximal tibia bone grafting comprehensively at greatly reduced cost. 
Variables such as the entire strain and stress fields of the tibia could be predicted and 
examined. The computational model would also be used to compare how various 
biomechanical parameters change with proximal tibia bone grafting and the increment 
of cortical window size during harvesting, 
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3.1 Finite Element Analysis: A Primer 
Finite Element Analysis (FEA) is a modern computer aided engineering (CAE) tool used 
in many fields of engineering. It was first developed as a mathematical numerical 
method of solving boundary condition problems to partial differential equations in the 
1950s, and is today used extensively in civil, aeronautical, automotive, and design 
engineering.   
The basic concept of FEA lies in the concept of Hilbert spaces, which uses the Fourier 
transform to represent functions as vector functions. These functions can then be 
discretized over the domain of interest to solve for the desired variables, such as stress, 
strain, or other desired outputs. This is analogous to dividing a large problem domain 
into simpler parts, in much the same way as complex shapes can be represented by 
many simpler ones, which then makes the underlying problem much simpler to solve. 
This process is known as ‘meshing’ the model, where complex geometry is 
decomposed into a mesh of many elements.  The finite element method is only able to 
give approximate solutions; however, in many cases if properly applied this solution 
may be very close to the actual solution. The accuracy of the simulation depends on 
many factors- for example, the quality of the meshed model and the accuracy of the 
boundary conditions and assumptions applied. Accuracy of the simulation generally 
comes at the cost of computational resources- i.e. computer memory and the time 
required to solve the solution. For these reasons, careful preparation of the FEA 




The practical use of the finite element method in engineering begins with the generation 
of usable 3D models in a computational environment. Common methods include using 
design software such as Solidworks, AutoCAD, or ProE to design such models in an 
acceptable format, such as stereolithography (.stl) or IGES files. In other cases, reverse 
engineering techniques such as Laser Scanning can be used to obtain computer 
models of known geometry. Computed tomography (CT) scans are commonly used to 
create models of human anatomy. These models are then subdivided into smaller 
volumes by ‘meshing’. In many cases, to reduce computational complexity, it may not 
be necessary to model the entire geometry. 
Many different types of meshing elements exist. Larger volumes can be meshed with 
tetrahedrons, bricks, pyramids, or prisms. In general, with the advances in computing 
power, tetrahedral meshes are considered the easiest and most robust meshes for 
complicated geometry and also can be refined to a great degree to achieve more 
accurate results in critical areas. The order of the element is also important- 1st order 
elements, with simpler nodes and less degrees of freedom are in general less accurate 
for structural problems than second order elements. The other considerations 
concerning meshing are element size and quality; a smaller element will yield more 
accurate results at the cost of computational resources, and hence, engineers can 
assign smaller elements at areas where analysis is more important, and larger elements 
in areas where accuracy is not critical. Elements should also not be overly skewed with 




Figure 20: Finite element Mesh of a human knee, done with different element 
types. Image taken from http://www.mdtmag.com/articles/2013/05/microport-gets-
knee-simulations-and-running 
Once meshing is completed, material properties of each element are prescribed 
throughout the whole model. This describes how the individual elements will react to the 
forces applied to it. Examples of common material properties that are applied to the 
elements are modulus of elasticity, density, and heat conductivity (for heat transfer 
problems)  
Boundary conditions, loads, and various forces are then applied to the model to 
simulate a real world loading condition. For example, the loading of a knee joint in figure 
20 can be simulated by fixing the distal end of the tibia and applying muscle forces to 
the model.  This process is of course problem dependent and will depend on what 
exactly is being studied in the simulation. The Finite Element (FE) model can then be 
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solved in a variety of software both commercially and freely available. Examples include 
Abaqus, ANSYS, COMSOL, and patran. 
A mesh convergence study is usually done with different iterations of the same mesh 
with differing levels of refinement in order to study the sensitivity of simulated results to 
the refinements of the mesh; in general a mesh which is the least computationally 
expensive with an acceptable level of accuracy and little sensitivity to mesh element 
size is chosen for final simulation. 
Finite element solvers can give us highly accurate results for desired parameters such 
as stress, strain, displacement, and others, depending on output variables requested 
from the solver. The results of the finite element simulation can be validated by 
comparing them to experimental results done using the same or similar parameters. 
High quality finite element simulations can see models with an accuracy of up to 95%. 
In this study we will endeavor to create a validated finite element model of proximal tibia 
bone grafting. These models will be created through CT scans of available tibia 
specimens and software available from the National University of Singapore. The 
results will then be compared to the experimental results done on these tibias in chapter 
2. The finite element models will be used to analyze various mechanical parameters to 
study the risk of fracture of the harvested tibia under normal walking loads. 
3.2 Specimen Selection and Preparation 
Four tibias were randomly selected from the above specimens described in Section 
2.1.1 for creation of finite element models. Prior to the dissection described in Section 
2.1.1, Computed Tomography (CT) scans of each tibia were done at the National 
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University Hospital, Singapore. A resolution of 0.6mm between each slice, the finest 
possible, was selected for the greatest modeling accuracy.  
Prior to the bone graft harvesting described in Section 2.1.3, the strain rosette and 
gauge locations of these tibias were carefully marked, and then removed. The bone 
graft was then harvested as described in Section 2.1.3, and another set of CT scans of 
the tibia was taken.  
After this was done, the strain rosettes and gauges were replaced at the same locations 
as described in section 2.1.1. A special exception was made in these 4 cases, where a 
strain rosette was used instead of a uniaxial strain gauge at location 3L. This Strain 
rosette is oriented such that the uniaxial strain along the long axis of the tibia can also 
be recorded.  
 
Figure 21: X-ray images with cylindrical overlays showing how the various FEA 
models were constructed in Mimics innovation suite. To enlarge the cortical 
window, areas within the cylinder were deleted. 
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3.3 Finite Element Model Construction 
Eight 3D models were created from the two sets of CT scans of each tibia, for a total of 
32 3D models for four specimens. Mimics Innovation Suite (Materialise NV, Leuven, 
Belgium) was used in the creation of these models. Each set of 8 models consisted of 
an intact tibia model, and one model with each of the following cortical window 
diameters: 10mm, 12.5mm, 15mm, 17.5mm, 20mm, 22.5mm, and 25mm. The intact 
model is created from the CT scan of the intact scan, while the others are created from 
the CT scan of the harvested tibia.  
The 3D models of the 12.5 to 25mm models are created based on the harvested CT 
dataset, they are created in the Mimics Innovation Suite software by progressively 
increasing the size of the circular osteotomy by removing the segmented area of bone. 
(Figure 21) 
Once complete, Mimics Innovation Suite was used to automatically mesh the 3D 
models using ten node (C3D10) tetrahedral elements.  A mesh refinement study was 
conducted to ensure that results were insensitive to mesh size using the methods 
described by Polgar et al (Polga et al., 2001). This was done by creating meshes of 
differing sizes using the same geometry. Meshes were constructed using an average 
tetrahedron edge size of 7,6,5,4, and 3mm, and the same simulation was conducted for 
the different meshes as described in Section 3.4. Two variables were observed over the 
change in number of elements: % strain energy gradient per degree of freedom and the 
% change in principal strain values at each of the rosette locations. These are 




Figure 22: Mesh refinement graph 1- % change in strain energy gradient per 
NDOF 
 
Figure 23: Mesh refinement Graph 2- % change in principal strain values with 





























































No. of elements 
A1 max % change
A1 min% change
M1 Max % change
M1 Min% change
L1 max% change
L1 min % change
L2 max % change
L2 min % change
L3 max % change
L3 min % change
P2 max % change
P2 min % change
Element edge size 
7mm              6mm               5mm                  4mm               3mm 
  
7mm             6mm                5mm                  4mm               3mm
   




Both the % change in strain energy as well as the % change in principal strain values 
tailed off and remained relatively constant after an element size of 3-4mm (200,000 
elements) was reached. An element size of 4mm (approximately 100,000 elements) 
would have yielded accurate results. The run time of a simulation with a 3mm element 
size (approximately 200,000 elements) with 8 parallel processors was approximately 2 
hours and was deemed reasonable .This element size was used for all future 
simulations. 
The strain energy gradient between mesh refinements was 1.78x 10-7 % per degree of 
freedom representing a less than 1% change between refinements. Changes in strain at 
various locations with mesh size were also less than 1%. These parameters of an 
average tetrahedron size of 3mm were then used for subsequent meshing of the 
models for simulation. 
The material properties of bone were assumed to be Isotropic, Homogenous, and 
linearly elastic.  Material properties were assigned on an element-by-element basis, with 
each element being assigned one of 100 orthotropic material properties based on CT 
Hounsfield units by Mimics Innovation Suite. The relationships found by Rho (Rho, 
1995; Rho, 1993; Rho, 1996) were used to describe the material properties based on 




Table 2: Equations used for assigning material properties of bone  
Material Type Apparent Density (Kg/m3) Young’s Modulus (long Axis 
of  tibia) (MPa) 
Cancellous Bone 
(<1000kg/m3) 







Figure 24: The 3D generated model in Mimics Innovation Suite. The right figure 
shows a 3D representation of the model with associated material properties. The 
material properties range from least stiff (dark blue) to most stiff (dark red) 
3.4 Finite Element Model Simulation  
The FEA was performed in Abaqus Unified FEA Suite version 6.13 and 6.14 (Dassault 
Systemes SA, France) at the National University of Singapore. Loads and boundary 
conditions were applied to replicate the above experimental conditions.  The tibia was 
constrained at the distal end 20cm from the tibial plateau, and an axial compressive 
load of 3 times body weight was distributed across the medial and lateral condyles of 
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the tibia according to the load distribution recorded by the Tekscan pressure sensor 
described in Section 2.1.2. The load area was prescribed over the area marked in 
indelible ink during the experiment. 
3.5 Results of Finite Element Study 
3.5.1 Experimental Strain Measurement Used for Model Validation 
The experimentally measured strains averaged over ten seconds were repeatable, with 
the largest standard deviation between repeated measurements being 82 microstrain 
which equate to a coefficient of variation of 10.2%. 
3.5.2 FEA Model Validation 
The maximum and minimum principal strain values predicted by the FE model were 
plotted against the experimentally measured strains at the six selected strain rosette 
sites, namely 1AL; 1L, 1M, 2L, 2P and 3L (see Figure 12). The correlation coefficient, 
intercept, slope, and root mean square error (RMSE) percent values were calculated 
and are shown in Figures 25 and Table 3. One individual dataset is presented in 
Appendix B 
The cumulative regression of 0.868, slope of 0.980, intercept of -40 microstrain and 
RMSE of 17.6% over a large number of models were adequate and comparable to other 
published works (Gray et al., 2008; Taddei et al., 2006; Chang et al., 2011). This 





Figure 25: Validation graph showing the average regression, slope and intercept  across all 32 models. A 
oerfectly accurate model would have a slope of 1, regression of 1, and intercept of zero.  
y = 0.9809x - 40.406 































Table 3: Full table of validation results for each individual specimen 
 gradient intercept R2 RSME 
Specimen 1 intact 0.933 -4.43 0.812 0.321 
Specimen 1 10mm 1.025 -50.118 0.935 0.105 
Specimen 1 12.5mm 0.7641 -24.538 0.762 0.184 
Specimen 1 15mm 0.913 -73.099 0.853 0.15 
Specimen 1 17.5mm 0.8904 -48.533 0.8 0.173 
Specimen 1 20mm 0.725 -48.578 0.739 0.196 
Specimen 1 22.5mm 0.868 -30.571 0.808 0.17 
Specimen 1 25mm  0.811 -82.335 0.893 0.142 
Specimen 1, averages 0.866 -45.275 0.825 0.180 
     
Specimen 2 intact 1.187 -75.05 0.9 0.207 
Specimen 2 10mm 0.829 9.827 0.736 0.24 
Specimen 2 12.5mm 0.931 29.73 0.804 0.222 
Specimen 2 15mm 0.982 -14.238 0.818 0.207 
Specimen 2 17.5mm 1.024 -33.439 0.813 0.214 
Specimen 2 20mm 1.208 -32.386 0.856 0.257 
Specimen 2 22.5mm 1.348 -61.952 0.909 0.282 
Specimen 2 25mm 0.863 -15.114 0.91 0.159 
Specimen 2, averages 1.046 -24.077 0.843 0.223 
     
Specimen 3 intact 1.034 57.943 0.856 0.187 
Specimen 3 10mm 0.993 -0.317 0.933 0.126 
Specimen 3 12.5mm 1.026 -22.075 0.956 0.132 
Specimen 3 15mm 1.019 -15.89 0.949 0.137 
Specimen 3 17.5mm 0.898 1.18 0.914 0.114 
Specimen 3 20mm 0.936 -4.295 0.983 0.076 
Specimen 3 22.5mm 0.956 -6.496 0.986 0.092 
Specimen 3 25mm 0.984 1.381 0.887 0.198 
Specimen 3, averages 0.980 1.428875 0.933 0.132 
     
Specimen 4 intact 0.636 -32.4 0.637 0.385 
Specimen 4 10mm 1.121 -88.246 0.921 0.163 
Specimen 4 12.5mm 1.074 -109.31 0.917 0.161 
Specimen 4 15mm 1.001 -63.13 0.914 0.128 
Specimen 4 17.5mm 0.972 -112.88 0.905 0.141 
Specimen 4 20mm 0.983 -65.576 0.904 0.149 
Specimen 4 22.5mm 1.089 -65.551 0.943 0.12 
Specimen 4 25mm 1.024 -34.819 0.948 0.102 
Specimen 4, averages 0.987 -71.489 0.886 0.168 
     
Total 0.980 -40.406 0.868 0.176 
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3.5.3 Effect of Cortical Window Size 
As the models are based on 4 different specimens, it is only natural that 
the values for stress and strain found by the finite element simulations will 
differ significantly from each other. Hence, we used the most accurate 
model (specimen 3) as a baseline and compared the trends observed with 
the other 3 specimen models to check for consistency. 
Stresses and strains on the external cortical bone surface were the most 
important parameters studied as cortical bone is the main weight bearing 
component of the bone structure. Not surprisingly, the introduction of a 
cortical window creates a stress riser effect similar to what is observed in 
engineering materials. This stress riser causes stress concentrations at 
several positions around the window, notably at posterior inferior position 
of the window (Figure 26). It is important to note the formation of a ‘stress 
line’ that begins from the posterior inferior edge of the window (the stress 
concentration point) and continues to the medial side (Figure 27). This 





Figure 26: The difference in stress between the intact (left) and 
harvested tibia (right). The harvested tibia is with a 10mm window. 










Figure 27: The changes in maximum principal stress at the harvest 
site with an increase in cortical window size. From left to right: 10, 
15, 17,22 and 25mm cortical window sizes. The ‘crack tip’ location is 
denoted by a red arrow.  
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The stress concentrations at the posterior inferior edge of the window or 
what can be considered the ‘crack tip’ were found to create the highest 
levels of maximum principal stress. These differed significantly between 
specimens, ranging from 7.3 – 50.69 MPa depending on the specimen 
and the window size. However, a consistent trend between the stresses at 
this point and cortical window size was noted. 
When compared across different cortical window sizes it was found that 
maximum principal stresses at this point increased with increasing hole 
size for all four specimens (Figure 28).  The principal stresses along the 
stress line, however, did not change significantly. The range of maximum 
principal stresses along the ‘stress line’ was between 10-15 MPa. 
 
 
Figure 28: Graph showing how the maximum principal stresses at 
the posterior edge of the cortical window change with window size, 
averaged across the four finite element models 
y = 0.8065x + 7.658 

























Hole Size, mm 
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 Across all four models, the maximum principal strains and stresses on the 
cortical bone surface outside of the cortical window area were in the range 
of 3000 microstrain and 20-30MPa. Principal Stresses on the cortical shell 
of the tibia are greatest along the tibial midshaft and the posterior side of 
the tibia, under the tibial head (Figure 29), which indicates that the tibia is 
subject to bending moments. In general, no areas of particularly unusual 
or high stress level were observed outside of the cortical window area. 
 
Figure 29: Image showing the general locations of maximum 
principal stresses.  Stresses are greatest along the tibial midshaft 
and the posterior side of the tibia, inidcating some bending moment 
acting on the tibia. 
3.6 Discussion 
Extensive amounts of organic bone material, both cortical and cancellous, 
were removed from the tibia during proximal tibia bone grafting. As 
discussed in the earlier chapters, this is a concern as removal of this 
material may affect the mechanical strength of the tibia. Alt (Alt et al., 
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2003) and Vittayakittipong (Vittayakittipong et al., 2012) found through 
cadaveric experiments that the mechanical strength of the tibia was not 
significantly affected by bone grafting. However both Gerressen and 
Bottlang (Gerressen et al., 2010) (Bottlang, 2008) disagreed, and found 
that tibial plateau deflection and mechanical strength were adversely 
affected. The experimental tests in Chapter 2 (Lim et al., 2015) showed 
that harvested tibias could withstand normal walking loads even after 
extensive harvesting with large cortical windows (up to 25mm diameter). 
The FE model created in this study is intended to give a more 
comprehensive study of biomechanical parameters that would otherwise 
be difficult or impractical to study, and hence to add value over previous 
works. 
The limitations of this study are concerned mainly with the assumptions 
and simplifications of the finite element analysis and experimental setup. 
Bone materials were assumed to be isotropic, which in reality, they are 
not. However, a large number of studies have shown that use of material 
assignment techniques similar to those used in this chapter to form 
construct the finite element model have achieved good results if a 
sufficiently large amount of materials are chosen (Polga et al., 2001; Gray 
et al., 2008; Taddei et al., 2006; Peng et al., 2006). Previous researchers 
have used up to 600 different materials with a corresponding increase in 
modeling and simulation time (Gray et al., 2008). In this study, a smaller 
number of materials were used due to the large number of models that 
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had to be created. Accordingly, it was expected that more accurate results 
can be obtained with the use of more materials. 
Another simplification was the lack of precise control in the experimental 
load application. While the femoral component fixture used in the 
biomechanical experiments (described in Chapter 2) allowed more 
accurate simulation of the physiological knee load conditions, it made 
precise identification of the load position and area difficult. During the 
experiment the load area was marked out with acrylic paint in order for this 
area to be recorded down, but even then some allowance must be made 
for errors. 
Soft tissue such as the meniscus and muscle surrounding the tibia, as well 
as the supporting structure of the fibula, were also not present during the 
experiment, nor modeled in the finite element analysis. Soft tissue effects 
were not modeled due to the complexity of modeling viscoelastic effects of 
cartilage which would add greatly to the computational resources required. 
Both the meniscus and the fibula are understood to play some role in 
weight bearing of the lower limb, either by acting as a shock absorber at 
the knee (meniscus) or structural support (fibula). As explained in Section 
2.3, it was expected that the actual in vitro loads experienced by the tibia 
would be slightly lower; and the study conditions here can be considered 
to be a ‘worse case’ scenario. 
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It was noted that the accuracy of the finite element model was within the 
range of previously published data, although the RMSE (%) was slightly 
higher, but within an acceptable margin. More accuracy could possible 
achieved with a more precise control of the load area. 
While cadaveric experiments are valuable, the advantage of an FEA 
model is that it allows the measurement and observation of the global 
stress and strain field of the entire tibia. Numerous researchers have 
published data over the yield and ultimate stress values for both cortical 
and cancellous bone (Evans, 1976; Carter & Spengler, 1978; Bayraktar et 
al., 2004; Morgan, 2001). These measurements differ largely depending 
on anatomical site, strain rate, and sample size. Hence, an accurate 
prediction of fracture possibility is difficult. We can however, use some of 
these published results as to get a general idea of fracture risk for 
proximal tibia bone grafting. To assess fracture risk numerous theories 
and fracture criterions exist. For simplicity, the maximum stress theory of 
fracture for brittle materials (Rankine Criterion) for cortical bone can be 
used. This was used by Keyak and colleagues (Keyak & Rossi, 2000) to 
predict fracture with less than 30% area in all cases. Tensile failure is 
usually the more likely cause of fracture in bone due to human bone being 
stronger in compression, and tensile yield stress of cortical bone in the 
axial direction is generally believed to be in the region of 90-110MPa and 




 The FEA results show that the introduction of a cortical window has 
obvious effects on tibial mechanics, namely the stress concentrations and 
‘stress line’ mentioned above. From a mechanical point of view, this is not 
unexpected. Voids in structures have been known to create stress risers in 
normal engineering materials. This has been documented in bone as well 
by various researchers (Burnstein et al., 1972; Eriksson & Frankel, 1985; 
Clark et al., 1977). It is for this reason that circular or oval shaped holes 
are usually used in this procedure as they are less susceptible to this 
stress riser effect than sharp corners (Mauffrey et al., 2010; Myeroff & 
Archdeacon, 2011). 
Stress levels on the grafted tibia near the yield point were not observed in 
this study, and hence there is little evidence to suggest that the 
mechanical stability of the tibia is compromised, even with very extensive 
bone grafting. A sudden, catastrophic fracture of the grafted tibia is hence 
considered unlikely, taking into account that the current test represents 
‘worst case’ conditions as mentioned earlier. 
The ‘stress line’ formed on the harvested tibia (see Figure 26) represents 
an area subjected to high tension. This suggests that the area is under 
increased bending loads and that the enlargement of the cortical window 
decreases the bending resistance of the tibia. This is expected because 
the cross section of the tibia is altered at the cortical window.  While some 
bending loads are naturally expected on the tibia due to knee condyle load 
asymmetry, it was noted that the introduction of the cortical window further 
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exacerbates this problem and decreases resistance to bending. Because 
of the ‘discontinuity’ caused by bone graft harvesting, the compressive 
load cannot be transmitted down toward the stronger distal shaft of the 
tibia, this load is possibly transferred posteriorly to cause greater bending.  
While the FEA simulation confirmed the experimental results that 
catastrophic failure of the harvested tibia under walking loads was 
unlikely, it was noted that the concerns regarding fatigue fracture 
established in chapter 2 may be correct. Taylor (Taylor, 1998) proposed 
that the fatigue strength of long bones in the human body lies between 23-
30MPa. The maximum stresses at the stress concentration sites reported 
above lie within this range and certainly could be susceptible to crack 
propagation and growth along the stress line under the repeated cyclic 
stresses of extensive walking. Because bone has relatively low fracture 
toughness, it is susceptible to this mode of failure (Doblare et al., 2003).  
Although continuous loading damage has been proposed as a necessary 
mechanism for bone remodeling, Fatigue failure could occur if crack 
growth outpaces bone remodeling at this site. This has important clinical 
implications because patients of proximal tibia bone grafting are generally 
not heavily restricted in their activities post-surgery, with most patients 
retaining ambulatory function and being able to walk without assistance. 
Only vigorous activities such as running and contact sports are 
discouraged. The FEA study shows that normal walking creates sufficient 
stress at the altered geometry of the tibia for fatigue failure to be a 
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concern. This problem may be exacerbated if the surgeon widens the 
cortical bone osteotomy to obtain more bone harvest material. A larger 
osteotomy will of course require a longer period for full recovery, which 
means that the stress concentration area will be at risk for a prolonged 
period of time. 
It is proposed that this may be a possible mechanism for failure of the 
graft site. In the next chapter, experimental methods would be to 
investigate if this proposed mechanism of failure is realistic and a cause 
for clinical concern.  
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Chapter 4:  Fatigue Strength Experimental Study 
It has been established by the experimental and finite element study in the 
previous chapters that catastrophic failure of the harvested tibia is unlikely 
under normal walking conditions. However, it was noted that there were 
indications of possible structural microfracture damage at the harvest site. 
Microfracture is an important part of the natural process of bone growth 
and remodeling (Doblare et al., 2003); however, this damage, if sustained, 
may lead to undesirable consequences. In particular, we are concerned 
that fatigue damage and consequently, failure might occur.  
4.1: Fatigue Failure 
Fatigue failure is generally accepted to occur through the processes of 
crack initiation and propagation. As explained briefly in Section 1.5, a 
crack may occur at a certain point in a structure due to many causes such 
as surface imperfections or stress concentrations. As the area is subjected 
to repeated load cycles at the same stress amplitude, the crack is slowly 
widened and propagates until it reaches a certain critical size, after which 
the mechanical strength of the structure is severely compromised and is 
no longer able to support the load. Crack growth occurs very rapidly once 
this critical size has been reached, and catastrophic failure then occurs 
(See Figure 9). 
Many materials have a fatigue strength, that is, a range of cyclic stress 
than can be applied to a material without causing fatigue failure over a 
desired lifetime (expressed as number of load cycles) as expressed in 
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Figure 30. The lower the stress amplitude, the more cycles can be 
sustained before failure occurs. Certain materials, such as steel, have an 
endurance limit, which is a stress amplitude level below which failure will 
not occur no matter how many cycles the structure experiences. 
 
Figure 30: Fatigue limit of materials.  For example, Line A represents 
steel, while Line B represents Aluminium. Taken from 
http://www.learneasy.info/MDME/MEMmods/MEM30007A/properties/P
roperties.html 
As highlighted in previous chapters, the introduction of the osteotomy to 
the tibia during bone graft harvesting introduces stress concentrations that 
may initiate cracks which will eventually lead to crack propagation and 
eventual fracture. The fatigue strength of the harvested tibia is currently 
unknown. Investigating this is important, because while it has been 
established in previous chapters that the harvested tibia does not fail 
catastrophically under normal walking loads, stress fractures may appear 
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as the tibia is subjected to repeated loads experienced during daily 
activity. 
While bone remodeling is expected to return the harvested proximal tibia 
to its original strength, Bone remodeling and regrowth takes time to 
restore the tibia to its original strength. Furthermore, because the area in 
question is subject to tensile stresses, it was expected that bone 
remodeling may take longer than normal as explained by Firoozbakhsh 
(Firoozbakhsh & Aleyaasin, 1989), which will exacerbate the problem of 
fatigue failure. The aim of this study is to investigate the acute effects of 
extensive bone grafting procedures (without the effects of bone 
remodeling) on the fatigue life of the tibia under normal walking loads to 
analyze the safety of extensive activity immediately after the bone grafting 
procedure. 
4.2 How to Test for Fatigue? 
In order to create a fatigue test that has adequate clinical relevance, 
recreation of accurate physiological conditions for the fatigue test was of 
prime importance. In order to do so, careful study of the load conditions 
and frequency of normal human walking was required. 
The setup of a fatigue test and analysis of failure probability requires that 
the sample group is assumed to be homogenous and identical in nature. 
This is obviously not the case for cadaveric specimens, since each 
specimen can differ in anatomical geometry, body weight, and Bone 
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Mineral Density (BMD). With a large enough sample size; statistical 
analysis will generally give reliable and observable trends even with these 
differences in place. With a small sample size of 8, cadavers with a good 
bone mineral density were selected for use, ensuring that none of the 
samples were of poor bone quality (see Chapter 2). Consistent load 
patterns and cycles were also used in order to make the test as 
homogenous as possible. The physiological loading conditions at the knee 
during normal walking have already been described earlier in Chapter 2. 
The maximum load experienced at the knee during level walking was 3 
times of body weight that was distributed 60-40% across the medial and 
lateral condyles of the knee joint. As described earlier in Chapter 2, the 
fatigue test will use the same load fixture to simulate walking conditions. 
(see Figure 14)  
The frequency of an adult walking gait differs widely, with estimates 
ranging between 1-2 Hz. The current fatigue test, therefore, aimed to 
replicate a similar step frequency and used 2 Hz as the cyclic load 
frequency. 
Ideally, it would be desirable to test each specimen to fatigue failure to 
determine the failure point of each specimen; the perishable nature of the 
specimen as well as associated costs of testing make it impractical to do 
so. It was decided to test the harvested tibia to a maximum number of 
cycles which represent a reasonable recovery period. 
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It was also reasonable to assume that the patient will be relatively 
sedentary in the period post harvesting; with a lower activity level. Hence, 
the maximum number of cycles that was chosen to be tested in the fatigue 
tests represents the expected number of steps from a sedentary adult 
over 3 weeks, these are recorded by Tudor-Locke (Tudor-Locke et al., 
2011) as approximately 5000 steps a day for 21 days, for a total of 
105,000 steps or load cycles. 
4.3 Specimen Selection and Preparation 
The contralateral tibias from the specimens used in Section 2.1 were used 
for the fatigue study. Similar techniques as described in Section 2.1.1 
were used to prepare the specimens, with the exception that strain gauges 
and rosettes were not mounted on these tibias. Strain gauges were not 
used as equipment needed for dynamic measurements of strain were not 
available. 
After the selected tibias were dissected, cleaned, measured, and marked 
with the reference axes in accordance with the procedures outlined in 
Section 2.1.1, the tibias were harvested for bone graft material using the 
same techniques described in Section 2.1.3. After the initial harvesting, 
the circular cortical window was enlarged to a 20mm diameter with a 
surgical burr (Colibri II, DepuySynthes, Zuchwil, Switzerland), with the 
most proximal edge of the window kept at 20mm from the tibial plateau 
(Figure 31) as described in Section 2.1.3. Bone curettes were again used 
to harvest bone graft from the tibia until they can no longer pass through 
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the cortical window and the volumes harvested are recorded as described 
in Section 2.1.3. Each tibia was then affixed to a stainless steel pot with 
dental cement (Meliodent, Heraeus Kulzer, Germany) using the marked 
reference axes to ensure that the tibia was aligned vertically. 
 
Figure 31: A Specimen tibia, post harvesting. 
4.4 Failure Criterion of Fatigue Strength Testing  
A sinusoidal load with maximum amplitude of 3 times body weight and 
minimum amplitude of 25N and a frequency of 2Hz was applied by the 
above mentioned fixture for 105,000 cycles or until failure. Failure in this 
experiment was defined as any visible cracks or a significant drop 
observed in the force-displacement curve. The number of cycles for the 
fatigue test was derived by examining the number of steps a sedentary 
adult would take over a three week recovery period (Tudor-Locke & 
Basset, 2004; Tudor-Locke et al., 2011).The specimen was hydrated 
regularly with saline solution during the test period.  
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4.5 Results of Fatigue Test 
Of the 8 specimens tested, 4 of them failed prior to the completion of 
105,000 cycles. The full test data is presented in Table 4. Because it is 
difficult to trace the exact cycle in which the fracture occurred, the failure 
was rounded to the nearest 1000.  A dash indicates that the specimen did 
not fail within the specified 105,000 cycles. 
Table 4: Results of the fatigue test detailing sex, age, bodyweight, 
amounts of bone graft harvested, and the number of cycles that were 
sustained before failure.  





















1 M 75 -0.53 113 9.5 0.287 3500 
2 M 61 -0.38 95 11 0.322 19000 
3 F 59 -1.4 76 8.6 0.365 32000 
4 M 77 -0.01 104 14.2 0.416 75000 
5 M 36 0.17 99 16 0.49 - 
6 M 49 1.46 86 8.3 0.315 - 
7 M 54 -0.39 82 8.2 0.248 - 






Figure 32: Close up of tibia failure sites. Failure begins at the 
posterior edge of the cortical window (left). Following this initial 
failure the failure propogates to the superior edge of the window 
(center) and the medial side of the tibia. 
The 4 failed specimens were observed to have similar failure modes, 
namely, cracks formed near the cortical window on the posterior and 
superior aspects, which then propogated over to the medial side. (Figure 
32). 
A weibull distribution was also performed to find the reliability of the 
harvested tibia under repeated loading. The weibull analysis was 
introduced by Waldodi Weibull in 1951 as a means of statistical analysis 
that can be used for a variety of uses. The weibull analysis is widely used 
in engineering fields , especially in the mechanical and aeronautical fields 
for failure prediction and analysis. 
One of the great advantages of the Weibull analysis is that it can be used 
even with inadequacies in data, such as in the current case, a small 
sample size with right censored data. It is for this reason that this method 
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of analysis is particularly applicable to our study.The Weibull analysis 
assumes that a series of nearly identical specimens will have a fatigue 
cahracteristics that follow the following probability desnity function: 
          




Where F(t) is the fraction of specimens that have failed over time t, t is the 
failure time, t0 is the starting point of the distribution, is the characteristic 
life,  is the shape parameter ( the slope of the probability distribution 
fuinction) and e is an exponential. 
The function can be rearranged to be: 
          




For a case where the test starts from time 0, then  







      





And using the ln function, 
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)            
This is of the appropriate form Y=BX+A for graphical representation, 
where the slope or beta and characteristic life can then be computed. 
Using these parameters, we can then plot a reliability curve using the 
parameters of the weibull distribution. 
In the case of our test data, the nonfailure specimens are treated as 
‘suspended’ or ‘censored’ data in the median ranking of the data.(see 
Appendix C). The resulting reliability curve is shown below in Figure 33. 
 
 
Figure 33: Reliability plot of an extensively harvested tibia (20mm 
cortical window). The graph is expressed as the % chance of 






































Several groups, as well as the current work in previous chapters have 
shown that bone grafting does not significantly reduce the fracture 
strength of the tibia (Alt et al., 2003; Vittayakittipong et al., 2012) and that 
the grafted tibia is able to withstand physiological walking loads. Clinically, 
proximal tibia bone grafting has also produced good results. (Alt et al., 
1999; Myeroff & Archdeacon, 2011; Zouhary, 2010; Hughes & Revington, 
2002) with low risk of donor site morbidity combined with convenience and 
good recovery rate for the patient.  
There is some disagreement in what best technique available for the 
procedure is and whether the patient should be allowed full-weight bearing 
after the procedure. In Chapter 2 and 3, it was found that while the 
harvested tibia is unlikely to fracture under normal waking loads, there 
was a possible concern regarding the possibility of stress of fatigue 
fractures occuring. Comparison of the experimental failure sites with a 
finite element study done previously in Chapter 3 shows consistent results 
(Figure 34), whereby cracks form at high stress areas formed by the 
osteotomy used for bone grafting. This provided a good correlation with 
the proposed theory expressed in Chapter 3 that these cracks then grow 
under repeated loading leading to fatigue failure of the tibia. Taylor 
(Taylor, 1998) predictied that fatigue fractures of whole bones would occur 
within a year of normal usage (approximately 2 million steps per year) in 
the absence of bone remodelling. The Weibull analysis shows similar 
78 
 
results, predicting that 99.1% of all samples would have failed by 
2,000,000 cycles. Despite the conservative test conditions (as explained 
later), the weibull analysis also shows that there was an unacceptably high 
risk of stress fractures occuring after extensive bone grafting during the 
recovery period. 52 percent of all specimens are expected to develop 
stress fractures within the simulated 3 week recovery period if patients do 
not restrict their activity levels. 
Clinically, this is important because many of the recommendations studied 
did not recommend patients to restrict weight bearing post surgery 
(Kushner, 2005) (Mauffrey et al., 2010). No recommendations have been 
made for extensive bone grafting with large osteotomies. In the current 
study such a surgical procedure presented an evident risk of stress 
fracture. 
 
Figure 34: Comparison of experimental failure site with FEA result. 




While the current test sought to recreate an in-vivo condition as closely as 
possible for this fatigue study, some limitations remain and must be 
considered when considering that implications and reliability of the results. 
An obvious limitation of this fatigue study is the small sample size; factors 
unique to each individual such as bone quality and body weight, or outliers 
in the dataset could affect the results significantly. This is also important 
because the Weibull distribution assumes an almost identical set of 
specimens used for the fatigue analysis. In order to control the similarity of 
the specimens, tight controls were implemented to check that the BMD of 
various specimens did not fall below a normal threshold, as well as 
consistent preparation techniques. No trends were observed linking body 
weight/cycles to failure and BMD T-Score/cycles to failure, indicating that 
these factors were sufficiently randomized. Another limitation of the study 
was that it was impractical to test the tibia specimens to failure; as a 
result, the beta, or slope of the Weibull distribution function is skewed 
toward failure- i.e. the harvested tibia specimens do not display a constant 
rate of failure. This may not necessarily be the case clinically. . 
 Additionally, similar to the mechanical tests done in Chapters 2 and 3, the 
effects of soft tissue, such as the meniscus, were not included. The fibula 
was also not considered in the current experiment. The meniscus is 
understood to be an important shock absorber in the knee and addition of 
a meniscus in-vitro would possibly increase the fatigue life of the tibia. The 
fibula is also understood to have minor role in weight bearing (Lambert, 
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1971), and hence, in vitro conditons of stress and strain on the tibia may 
be lowere than those seen in our study. This study can hence be 
considered to be conservative. Fatigue effects are likely to be even more 
severe if the patient partakes in activities with more severe tibial loading 
than normal level walking, such as stair climbing and load bearing. 
This chapter has presented some evidence that tibias with large 
osteotomies and extensive bone grafting are at risk for fatigue stress 
fractures. Because some physicians (Zouhary, 2010) have recommended 
an osteotomy size of 10-20mm diameter be used for this procedure, the 
current results show that the upper limit of the recommendation is risky. It 
would be advisable for clinicians to exercise caution when using a large 
osteotomy for extensive bone grafts. While a traumatic fracture is unlikely, 
fatigue or stress fractures are quite possible. Partial weight bearing, or a 
reduction in activity levels throughout the recovery period is advised to 





Chapter 5.0 Conclusions, Future Work, and Significance of Work 
Despite advances in biomaterials that have allowed the development of 
successful artificial bone graft substitutes, autologous bone grafts remain 
the surgical gold standard for use in a variety of procedures. While 
artificial substitutes may one day remove the need for bone graft 
harvesting surgeries, for now it is important to study the biomechanical 
effects of bone graft harvesting on the donor site.  
Clinical practices and recommendations differ between physicians for 
proximal tibia bone harvesting. The more widely used approached is 
detailed in Chapter 1 and generally involves a circular osteotomy of 
between 1-2cm in diameter on the lateral side of the proximal tibia.  
Clinical outcomes for this procedure have generally been good and the 
procedure is regarded as an outpatient procedure with no post-surgical 
hospital stay required, and patients generally are allowed to walk out 
without assistance. The aim of this thesis was to build on existing works to 
gain a more thorough understanding of the biomechanics of proximal tibia 
bone grafting, and possibility to provide insights for surgeons to improve 
clinical practices and outcomes.  
Some researchers, namely Alt, Gerressen, Vittayakittipong and 
colleagues, have done some initial research on the biomechanics of bone 
grafting.  While all three groups found a definite decrease in the 
compressive strength of the tibia post harvesting, there is some 
disagreement in the severity of this decrease. Both Alt and Vittayakittipong 
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found that there was no statistical difference in compressive strength, 
while Gerressen disagreed, and recommended that patients be restricted 
to a load bearing capacity of half the body weight.  This disagreement 
suggests that more research should be done to understand the effects of 
bone graft harvesting from the proximal tibia. 
The second chapter addressed the mechanical testing of cadaveric 
specimens.  Harvesting of the specimens showed that larger cortical 
windows allowed a significantly greater amount of bone graft to be 
harvested. In addition, the tibias remained intact under normal walking 
loads of three times body weight even with large cortical windows of up to 
25mm. Gerressen and Vittayakittipong reported average breaking loads of 
between 3766 and 5034 newtons respectively. The average tested load in 
our experiment was 2320 Newton, with no failures. This supported the 
clinical data, whereby it is safe for a patient to walk without risk of 
traumatic or sudden fracture post harvesting. It was also noted some small 
changes in bone strains indicating that loads distribution was shifted more 
to the medial side in response to the bone grafting. 
The third chapter used finite element analysis to examine the tibia 
mechanics in greater detail. Principal stresses and strains were studied 
and principal strains were used to satisfactorily validate the finite element 
model. In particular, it was noted that although catastrophic failure was 
unlikely under normal walking loads, fatigue failure from stress 
concentration effects were a possible concern due to crack initiation and 
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propagation. Larger cortical bone osteotomies were predicted to have 
more severe effects of fatigue failure. 
The fourth chapter set out to test this theory of fatigue failure. A fatigue 
test to replicate similar, if conservative conditions was devised and found 
that fatigue failure was a distinct possibility when the upper end of 
osteotomy size recommended in current literature was used during the 
harvesting operation. 
In the current study, more vigorous activities such as sporting activities, 
stair climbing, load bearing, or other activities that put greater loads on the 
knee were not tested. However, it stands to reason that greater loads 
would exacerbate the problem of fatigue failure. 
In summary, it is suggested that surgeons and physicians should consider 
the possibility of stress fracture when selecting the appropriate cortical 
window size.  The risk of stress fracture and the need for wider access to 
cancellous bone graft are two conflicting demands that need to be 
balanced. While some risk will remain with every grafting procedure, these 
risks can be mitigated with smaller cortical window sizes. While it is 
difficult to recommend a blanket size due to differences in anatomy and 
weight of different patients, results observed from the finite element 
simulations suggested that a cortical window larger than a circular 
diameter of 17.5mm may not be desirable.  
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It is recommended that in future work more specimens should be tested to 
test the incidence of fatigue failure on a smaller cortical window size. It is 
hopeful that the findings of this thesis will be able to improve the clinical 
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Appendix A: ANOVA with Repeated Measures Statistical Analysis 
 
An analysis of variance (ANOVA) with repeated measures test is used to 
compare three or more group means where the participants are the same within 
each group. In this study, ANOVA is used to measure changes in strains among 
the different specimens with changes in cortical window size. Here, strain at each 
location is the dependent variable, whilst the dependent variable is cortical 
window size. 
When using repeated measures ANOVA, an important test is to test for the 
assumption of sphericity. Sphericity is the assumption that all data points are 
independent of each other. However, because different data sets are coming 
from the same population (in this case, specimens), this is not necessarily so. 
Mauchly’s test of sphericity is used to evaluate the assumption of sphericity, and 
if sphericity is violated, some correction factors must be applied to the result. In 
this case sphericity is not valid, and the Greenhouse Geisser correction was 
applied. Software such as SPSS applies this correction for us. 
Results for an ANOVA analysis are typically shown as follows: 
              
Where x = degrees of freedom numerator (relates total number of groups 
being studied) 
Y = degrees of freedom denominator (relates total number of observations 
C= F-value from tables 
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P=s represents alpha, or the level of significance which this study defines 
as 0.05. 
For example, shown below: 
(F (1.616, 16.160) =3.234, p= 0.074) 
In this case, the F-value has not exceeded the critical F value for the F 
test and this is reflected in the level of significance being above 0.05. The 
null hypothesis is hence not rejected.  
In effect, the F value compares the joint effect of all the variables together 






Appendix B: Single Specimen Validation Graph 
The graph for the validation of one specimen is shown below. 
 














y = 1.1217x - 88.246 
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Appendix C: Weibull Analysis 
 
The treatment of the experimental data to find the beta and characteristic 











failure Status Rank Median Rank 1/(1-Median Rank) ln(ln(1/(1-Median Rank))
ln (No. of 
Cycles)
1 3500 failure 1 0.083333333 1.090909091 -2.441716399 8.160518247
2 19,000 failure 2 0.202380952 1.253731343 -1.486670964 9.852194258
3 32,000 failure 3 0.321428571 1.473684211 -0.947354424 10.37349118
4 75,000 failure 4 0.44047619 1.787234043 -0.543574052 11.22524339
5 105,000 suspension 5 N/A N/A N/A 11.56171563
6 105,000 suspension 6 N/A N/A N/A 11.56171563
7 105,000 suspension 7 N/A N/A N/A 11.56171563
















Intercept -7.612625051 0.476248 -15.9846 0.003891 -9.661753 -5.5635 -9.66175 -5.5635




y = 0.6319x - 7.6126 
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